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Abstract Understanding the mechanism of protein folding
would allow prediction of the three-dimensional structure from
sequence data alone. It has been shown that small proteins fold in
a small number of kinetic steps and that significantly populated
intermediate states exist for some of them. Studies of these
intermediates have demonstrated the existence of specific
interactions established during the initial stages of folding.
Comparison of the amino acids participating in these specific and
essential interactions and constituting the folding nucleus with
conserved hydrophobic positions of a given fold shows a striking
correspondence. This finding opens the perspective of predicting
the folding nucleus knowing only a set of divergent sequences of a
protein family.
z 1999 Federation of European Biochemical Societies.
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1. Introduction
Consequences of mutations in proteins are very di⁄cult to
predict. Indeed, some mutations, even numerous, have no
e¡ect on the biological activity and some point mutations,
a¡ecting amino acids far from the active site, completely abol-
ish activity. A similar problem is encountered with mutant
proteins that cannot be folded, particularly through chemical
synthesis. These features cannot generally be explained by
changes in the protein stability, but rather by drastic pertur-
bations of the folding pathway. Understanding of this phe-
nomenon would therefore require a better knowledge of fold-
ing mechanisms.
Study of the early stages of protein folding is a considerable
task. Their short lifetimes have necessitated the development
of very speci¢c and fastidious techniques requiring the use of
appreciable amounts of pure protein [1^11] and, sometimes,
the construction of many mutants [2,12,13]. The structure and
particularities of these transition states can also be investi-
gated by di¡erent computational techniques, simulation tech-
niques such as molecular dynamics [13^15] or lattice model
simulations [16,17]. Much time could be saved if it was pos-
sible to predict, from sequences only, a panel of amino acids
that are essential in the folding process.
The study of topohydrophobic positions in fold families
[18,19] (positions occupied by hydrophobic amino acids in
each member of the family) has shown that the residues oc-
cupying these positions have very distinct properties. They are
very signi¢cantly more buried than the hydrophobic amino
acids in non-topohydrophobic positions and are also less dis-
persed (the axis between CK and the gravity center of an
amino acid’s side chain in a topohydrophobic position is
more conserved upon mutation than that of a hydrophobic
amino acid in a non-topohydrophobic position). They form a
lattice of interacting residues in the inner core of the protein.
These ¢ndings make them good candidates for involvement in
the folding nucleus.
For each protein in which folding was studied (indicated
below), topohydrophobic positions were determined and com-
pared with the amino acids identi¢ed experimentally or by
simulation (Table 1 and Fig. 1). Topohydrophobic positions
were determined from multiple alignments including all the
proteins with a known three-dimensional (3D) structure shar-
ing the same fold, together with divergent sequences showing
a signi¢cant sequence identity with members of the family,
with elimination of the strongest redundancies (for any pair
of proteins in a family, the sequence identity is lower than
55%). Protein sequences were aligned on the basis of the struc-
ture when available [19] or by sequence comparison using the
sensitive two-dimensional (2D) HCA method [20,21]. Topohy-
drophobic positions are positions within the multiple align-
ment containing at least 75% strong hydrophobic amino acids
(VILFMYW) and where the remaining amino acids have
good propensities for regular secondary structures and belong
to the ACTQERKH group [21] (mainly ACT).
2. Results and discussion
Di¡erent types of studies have been performed to explore
the mechanism of folding. Protection of the amide protons
during folding can be measured by 1H-NMR, as shown for
ribonuclease A [1], barnase [22], lysozyme [23], ubiquitin [24],
streptococcal protein G [25], apomyoglobin [8], cytochrome c
[4] and ribonuclease H [26]. Protein engineering studies can
determine how each residue contributes to the stabilization of
the intermediate state by mutating it to alanine and/or glycine.
Fractional x values (xF), which estimate the extent of inter-
actions of each residue at di¡erent stages in the folding path-
way [27] (this has been performed for chymotrypsin inhibitor
II [2]), can be computed. Other folding parameters can also be
measured, such as the e¡ective concentration for formation of
the 28-111 disul¢de bond in K-lactalbumin [12,28]. In the case
of calmodulin, it has even been shown that the mutant pro-
teins do not fold completely in the absence of calcium [29].
Formation of H-bonds during folding can be assessed by H
exchange pulse-labelling (apomyoglobin [30]) or by molecular
dynamics simulations (chymotrypsin inhibitor II [14], barnase
[31], streptococcal protein G [32]). Finally, lattice model sim-
ulation methods generate random sequences whose folding on
a cubic lattice is simulated. The fast folding sequences are
compared with each other (chymotrypsin inhibitor II [16],
ubiquitin [17]).
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For each protein studied, a coincidence ratio R was com-
puted (Table 1). This ratio estimates the preference of the
studied property for hydrophobic amino acids in topohydro-
phobic positions versus hydrophobic amino acids in non-top-
ohydrophobic positions. This ratio is de¢ned according to the
hypothesis that, for a given property, the probability to be
positive for a topohydrophobic residue T compared to the
same probability for a non-topohydrophobic residue NT is:
P(T) = bWP(NT). If the property studied is speci¢c to hydro-
phobic amino acids in non-topohydrophobic positions, b is
equal to 0. If the property is indi¡erent to the topohydropho-
bic nature of the amino acids, b is equal to 1. If the property
is speci¢c to hydrophobic amino acids in topohydrophobic
positions, b tends to in¢nity. This de¢nition implies that b
can be estimated by computing, for each experiment, the ratio
R (b being the theoretical value of the preference, it cannot be
calculated directly from the experiment):
R  y13x
x13y
where x and y are the proportions of hydrophobic residues in
topohydrophobic positions in the sequence and in the subset
identi¢ed by the experiment, respectively. For example, in the
sequence of apomyoglobin, there are 48 hydrophobic amino
acids, 22 of which are in topohydrophobic positions. There-
fore, x is equal to 0.46. In this protein, 15 hydrophobic amino
acids are rapidly protected during folding, 11 of which are in
topohydrophobic positions. Therefore, y is equal to 0.73. Us-
ing these values, R = 3.2.
This ratio is always greater than one for all examples but
one, meaning that for any property studied in the intermediate
states or in the initial stages of folding, there is a clear pref-
erence for hydrophobic amino acids in topohydrophobic po-
sitions.
For proton protection studies, the ratio is generally high,
with a mean logarithmic value of 2.8 (a logarithmic mean
value was used because R is a multiplicative factor). However,
two of these values are quite low, 1.74 for barnase and 1.29
for ubiquitin. In the case of barnase, this might be due to the
low number of sequences in the multiple alignment (only four)
leading to an overestimation of topohydrophobic positions
[18,19]. Conversely, in the case of ubiquitin, this poor result
might be due to the high structural divergence in the family.
Indeed, we have previously shown that the correct identi¢ca-
tion of topohydrophobic positions requires the multiple align-
ment of six or more divergent sequences, but the correspond-
ing proteins must be structurally homogeneous [18,19].
Protein engineering studies give a very high coincidence
ratio, two in¢nite values (in the two studies considered, all
the hydrophobic residues for which mutation in£uences the
early stages of folding are in topohydrophobic positions)
and two other values equal to three and four, which indicates
a clear preference for hydrophobic amino acids in topohydro-
phobic positions. Finally, the studies giving the highest coin-
cidence ratio are the simulations (two in¢nite and 7.87). In
two individual cases, chymotrypsin inhibitor II [16] and ubiq-
uitin [17], the study of a large number of fast folding arti¢cal
sequences [16], or the comparison of di¡erent members of a
family [17], has already revealed the relationships between the
folding nucleus and conserved hydrophobic amino acids.
In conclusion, what was previously suggested in two indi-
Fig. 2. Stereographic view of ubiquitin side chains of amino acids in topohydrophobic positions are depicted in a ball and stick representation
and colored orange for amino acids which also constitute the folding nucleus. I-30 which belongs to the folding nucleus but is not a topohy-
drophobic position is indicated in yellow. Inversely, I-23 and L-50 which are topohydrophobic positions but not folding nucleus units are col-
ored red. The backbone of the protein is colored in blue in rapidly protected regions [24]. The network of interacting residues formed by the
amino acids in topohydrophobic positions [18,19] is ¢gured with green lines.
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vidual cases [16,17] appears to be a general feature of globular
proteins. Most of the hydrophobic amino acids belonging to
the folding nucleus, or rapidly protected during folding or
playing an important role in the ¢rst stages of folding, occupy
positions that we have de¢ned as topohydrophobic (Fig. 2).
As a result, most of these amino acids can be predicted from
the sequence alone and determined from accurate alignments
of a limited set of divergent sequences. Moreover, the close
contact lattice of topohydrophobic positions would bring use-
ful geometric constraints to the emerging procedures of ab
initio protein folding predictions and therefore, may be of
vital importance.
This prediction could also allow a better prediction of mu-
tation e¡ects. Indeed, mutation of a residue in a topohydro-
phobic position by a non-hydrophobic residue could alter the
folding of the protein. Some examples of such mutations were
previously commented for calmodulin [29].
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